The effects of a pore size distribution and of the pore coordination number on the sintering stress is examined using a simple model. The sintering stress is found to be proportional to the mean of the pore sizes weighted according to the Voronoi cell pertaining to each pore, rather than to the simple pore size average. Large heteropores are shown to have little effect on the sintering stress. Decreases in pore coordination number of such pores, resulting from grai~ growth, are found to affect the sintering stress little, but can significantly increase the stress intensification factor. The near-constancy of the sintering stress, observed experimentally for many powders over a wide range of sintered densities, does not directly follow from the simple model. It is argued that this constancy results from pore shrinkage, due to densification, which is compensated by pore growth due to coarsening.
Introduction
Practical powder compacts contain imperfections that affect their microstrucutural development and their sintering behavior very significantly. These imperfections are well known but very difficult to avoid completely: inhomogeneous particle and pore distributions, either in the green powder compact or developing as a result of abnormal grain growth and pore break away, are the source of much of the undesirable features in sintered bodies .
..
In considering the densification process of heterogeneous powder compacts, the presence of inhomogeneities must be taken into account and considered together with grain growth or coarsening 1 to reach an understanding of the sintering process. An important parameter in characterizing densification is the sintering stress 1 *, ~~~. ( also called the sintering force 2 , the sintering potential 3 , or the sintering pressure 4 ) and how it is affected by coarsening or grain growth and by the presence of a pore size distribution. The present paper attempts to elucidate these processes by examining simple models of pore distributions and relating these to experimental determinations of the sintering stress.
Several investigators have considered the evolution and the role of microstructure, and its effects on sintering of powder compacts. Perhaps ·the first ones to emphasize this aspect of densification were Rhines and his coworkers 1 • 5 , who focussed on the structural evolution of the pore network, when most other researchers were attempting to correlate diffusion data from traditional tracer diffusion experiments with those extracted from sintering of powder compacts. Th~se comparison most often used highly abstracted representations, such as the two-sphere model, in the data analysis 6 • 7 Gregg and Rhines 8 departed from this direction and attempted to measure the sintering stress (or sintering force) from zero-strain rate conditions observed during tensile loading of sintering copper· compacts. Generally, for these copper sphere com~acts, the sintering stress increased with increasing density. These authors successfully correlated the interesting observation on all ceramic powder systems studied sofar that, at constant applied stress, the ratio of the densification rate over the creep rate is constant from the onset of densification, over a wide range of sintered densit;ies. This finding, indicating that the sintering stress is constant, is in contrast to the earlier observations of Gregg and Rhines who found the sintering stress for copper sphere compacts to increase monotonically for most of the same density range. In this paper some possible reasons are offered that may explain this difference in evolution of the measured sinterin~ stresses.
Effects of particle size distributions on densification rates were analyzed by Coble~0 • who treated this problem by taking into account the effects of the strain rate mismatch associated with the different local unconstrained sintering rates of particle pairs. Here, a related procedure is followed to solve for the densification strain rate of stress-coupled pore assemblies.
Formal consideration of the importance of the backstresses generated by differential densification that result from heterogeneous regions of inclusions in powder compacts were 3 . The effective sintering stress on xi, that is the mean stress exerted on the free segment xi, is
The constrained ~isplacement rate of the ith segment is then Multiplying both sides in Eqn 4 with xi and summing then gives
~.x. is also the force exerted on the unconstrained ith segment, indeed shows no such correlation between the spacing to the pores neighboring the large pores and the large pore radius.
The value of the stress intensification factor, ~. would, however, be affected in proportion to the increase in grain boundary porosity. If the stress intensification factor before 9 introduction of the large pore is ~l and after the introduction of the large pore is ~2 • then Eqn 1 immediately shows that
Eqn 14
The effect of the heteroporosity is thus mainly on .the stress intensification factor, and changes in the heteroporosity should affect the creep rates and the densification rates in a similar fashion, leaving the ratio of the densification rate over the constant-stress creep rate unaffected.
During the densification of some heterogeneous MgO powder compacts, containing the bimodal pore distribution shown in Fig 2a, it was observed that the consta~t-stress creep rate remained proportional to the densification rate while the microstructure Inclusion of relatively few, large heteropores is shown to affect the sintering stress very little." Instead, such pores increase the stress intensification factor.
The main effect of grain growth on the large heteropores is that they transform from a roughly sperical to a more lenticular shape, with a concommitant increase in the stress intensification factor. As a result, while anomalies in the sintering rate may be observed, the sintering rate will remain proportional to the constant-stress creep rate, as borne out by recent results on the densification of MgO compacts.
The constancy of the sintering stress from the onset of densification throughout a wide range of sintered densities, is argued to result mainly from a dynamic balance betwe~n pore radius decrease do to densification and pore growth due to coarsening. .~ f
